were filter sterilized and added to the medium by syringe injection by using O 2 -free techniques. Culture tubes and bottles containing liquid medium were incubated in a horizontal, static position. Culture tubes were shaken vigorously before optical densities were measured. Escherichia coli K-12 (DSM 423) was cultivated aerobically in nutrient broth (8 g per liter; Difco Laboratories, Detroit, Mich.) at pH 6.8 and 37°C.
Measurement of O 2 in semisolid medium with microsensors. Semisolid U medium was U medium supplemented with 5 g of Gelrite (Carl Roth GmbH, Karlsruhe, Germany) per liter. The 27-ml crimp seal culture tubes containing 10 ml of semisolid U medium were autoclaved, cooled to approximately 50°C, and then inoculated with 0.5 ml of freshly grown culture. As soon as the inoculated medium had solidified at room temperature, sterile O 2 was injected by syringe until a final concentration of 21% (vol/vol) was reached. The tubes were incubated vertically, and O 2 in the semisolid medium was measured with a microelectrode immediately after the tubes were opened. The microelectrode setup consisted of a micromanipulator-controlled Oϫ10 sensor (5-to 10-m tip diameter; Unisense, Aarhus, Denmark) and a PA 2000 picoammeter (Unisense) that was attached to a strip chart recorder. The microelectrode was calibrated with air-saturated (for 100% control) and N 2 -saturated (for 0% control) water that had the same temperature as the culture tubes (i.e., either 30 or 55°C), and O 2 concentrations were calculated according to standard tables (http://www.unisense.com/support/pdf/gas-tables.pdf). The detection limit was 1 M O 2 . Since tubes were only assayed once, a series of replicate tubes were inoculated for each organism so that O 2 concentrations could be assessed periodically.
Enzyme assays and analytic methods. Cell extracts were prepared under anoxic conditions (10) . Cell extracts used for enzyme assays were obtained from cells grown in U medium supplemented with 10 mM fructose (for S. silvacetica) or 10 mM glucose (for M. thermoacetica and C. magnum) and with 0.5% (vol/vol) O 2 in the gas phase. Catalase, peroxidase, NADH oxidase, and superoxide dismutase activities were assayed according to standard protocols (1, 2, 18, 19) at room temperature (22°C). The assays with extracts from M. thermoacetica, however, were conducted at 50°C. The catalase, peroxidase, NADH oxidase, and superoxide dismutase activi-ties are expressed, respectively, in the following units: micromoles of H 2 O 2 consumed per minute, milligrams of pyrogallol oxidized per minute, micromoles of NADH oxidized per minute, and micromoles of nitrotetrazolium blue chloride not reduced per minute. Growth was measured as the optical density at 660 nm (OD 660 ); the optical path width (i.e., the inner diameter of the culture tubes) was 1.6 cm. Uninoculated medium served as a reference. Protein in cell extracts was determined colorimetrically (3) . The amounts of substrates and products present in culture fluids and headspaces were determined by high-performance liquid chromatography and gas chromatography (4, 11, 17) . The results are representative of replicate experiments. Effect of O 2 on the growth of acetogens. When nonreduced, semisolid medium was inoculated with S. silvacetica, M. thermoacetica, C. magnum, A. woodii, or T. kivui and then incubated with a gas phase that contained 21% (vol/vol) O 2 (equivalent to the concentration of O 2 in air), the extent of the oxidized surface of the medium was less in inoculated tubes than it was in uninoculated controls ( Fig. 1 and data not  shown) . Growth, determined visually as an increase in opaqueness or in the formation of colonies within the semisolid medium was apparent only in the portions of the tubes with negligible O 2 . For example, as shown in Fig. 1C , the growth of C. magnum at 12 h was apparent at and below a depth of 13 mm, the portion of the tube where O 2 was not detectable, but growth was not apparent between depths of 0 and 12 mm, where O 2 was detectable. Culture tubes were under positive pressure during incubation, and the slight increase (i.e., peak) in the concentration of O 2 in the first few millimeters of the semisolid medium was due to the initial release of O 2 as the medium equilibrated to atmospheric pressure when the tubes were opened.
S. silvacetica, M. thermoacetica, C. magnum, A. woodii, and T. kivui also grew in nonreduced liquid culture medium containing small amounts of O 2 in the gas phase ( Fig. 2 and data not shown). Increasing amounts of O 2 caused an increase in the lag phase of growth and a decrease in the final optical densities achieved. As illustrated by the large error bars in some of the growth curves in Fig. 2 , growth became less re- (Fig. 2) , so it was chosen for a detailed evaluation of the potential effects of O 2 on the formation of products during growth (Fig. 3) . When the gas phase of cultures was supplemented with approximately 1% O 2 (vol/vol), O 2 was consumed throughout lag, log, and stationary phases of growth and trace levels of H 2 were produced (Fig. 3A) . O 2 was not consumed in uninoculated controls. In contrast to the case with anoxic cultures, the initial presence of O 2 in the gas phase of cultures caused a delay in the conversion of glucose to acetate; however, the final ratio of acetate produced to glucose consumed for both anoxic controls and O 2 -supplemented cultures approximated 3 (Fig. 3B) , a value indicative of homoacetogenesis, C 6 H 12 O 6 3 3 CH 3 COOH.
S. silvacetica, M. thermoacetica, A. woodii, and T. kivui also consumed low amounts of O 2 (Table 1 and data not shown). As with C. magnum, the presence of low amounts of O 2 did not alter the ratios of acetate produced to glucose consumed for S. silvacetica and M. thermoacetica. Acetate-to-biomass ratios can be used to evaluate the bioenergetics and growth efficiencies of acetogens (4) . In general, the amount of acetate production that was required for growth increased when the headspaces of cultures was supplemented with O 2 ( Table 1 ), indicating that maintenance energy requirements increased in response to oxidative stress.
Enzyme activities possibly associated with aerotolerance. Cell extracts of S. silvacetica, M. thermoacetica, and C. magnum contained various levels of peroxidase (which consumes H 2 O 2 ) and NADH oxidase (which consumes O 2 ) activities; catalase (which consumes H 2 O 2 ) and superoxide dismutase (which consumes O 2 ⅐Ϫ ) activities were not detected ( Table 2) . Concluding remarks. The capacity of so-called strict anaerobes to tolerate and consume trace levels of O 2 was first demonstrated for sulfate-reducing bacteria (16) . Since acetogens occur in, and can be easily isolated from, habitats that are subject to transient fluxes of O 2 , it is not surprising that acetogens have the ability to consume low amounts of O 2 and to grow in medium supplemented with low concentrations of O 2 . In addition to the acetogens evaluated in the present study, Clostridium glycolicum RD-1, an abundant culturable acetogen that inhabits the sea grass root, also displays tolerance to O 2 (13 (15) . Genes for similar proteins have been identified in M. thermoacetica (5) . A full understanding of the biochemical processes that are responsible for the aerotolerance of acetogens will require additional investigations. b No activity was observed at room temperature as well.
